Developing materials that are effective against sexually transmitted pathogens such as Chlamydia trachomatis (Ct) and HIV-1 is challenging both in terms of material selection and improving bio-membrane and cellular permeability at desired mucosal sites. Here, we engineered the prokaryotic bacterial virus (M13 phage) carrying two functional peptides, integrin binding peptide (RGD) and a segment of the polymorphic membrane protein D (PmpD) from Ct, as a phage-based material that can ameliorate Ct infection. Ct is a globally prevalent human pathogen for which there are no effective vaccines or microbicides. We show that engineered phage stably express both RGD motifs and Ct peptides and traffic intracellularly and into the lumen of the inclusion in which the organism resides within the host cell. Engineered phage were able to significantly reduce Ct infection in both HeLa and primary endocervical cells compared with Ct infection alone. Polyclonal antibodies raised against PmpD and co-incubated with constructs prior to infection did not alter the course of infection, indicating that PmpD is responsible for the observed decrease in Ct infection. Our results suggest that phage-based design approaches to vector delivery that overcome mucosal cellular barriers may be effective in preventing Ct and other sexually transmitted pathogens.
Introduction
The cervical and vaginal epithelium are the primary portals of entry for sexually transmitted pathogens such as Chlamydia trachomatis (Ct), Neisseria gonorrhea, herpes simplex virus (HSV), human papilloma virus (HPV) and human immunodeficiency virus (HIV-1). Prevention efforts have focused on vaccine and microbicide development with limited success. Currently, there are only two vaccines for sexually transmitted pathogens, Gardasil and Cervarix, and both target just a few of the high-risk subtypes of HPV [1e4] . Microbicides offer the advantage of preventing both infection and potentially transmission for all strains or subtypes of an organism. In addition, they can be applied vaginally, rectally or orally with or without partner knowledge, the latter of which can be advantageous in high-risk groups such as commercial sex workers where condom use may not be accepted practice [5] .
Microbicide materials have been produced in many forms, including gels, creams, suppositories, films, or as a sponge or ring that releases an active ingredient over time. A number of materials have been tried or show promise as microbicide formulations. These include drugs such as tenofovir or other antiretrovirals for HIV-1 [6] , monoclonal antibodies (MAb) such as the broadly neutralizing human MAb b12 for HIV-1 [7] , DNA administered in a controlled delivery matrix of poly(ethylene-co-vinyl acetate) (EVAc) [8] , and small interfering RNA (siRNA) delivered by lipoplexes to target HSV 2 [9] or delivered via poly(lactic-coglycolic acid) (PLGA) nanoparticles [10] . Recently, PLGA nanoparticles have been used to successfully deliver the antibiotics azithromycin and rifampin into Chlamydia-infected cells to decrease bacterial infection [11] . While antibiotic therapy can effectively eliminate most uncomplicated Ct infections, follow-up screening of treated patients has revealed that a substantial number fail treatment or develop persistent infections [12e16] . Both of these outcomes are indicative of drug resistance, which would presumably limit the use of antibiotics in microbicides.
Drug resistance has certainly been a major issue for N. gonorrhea [17] and HIV-1 [18] .
Several lytic or virulent (shorter replication cycle) phages (mostly T-phages, T1 to T7) have been developed for 'phage therapy' to treat human bacterial infectious diseases such as salmonellosis, acute and chronic urogenital inflammation, skin ulcers, infectious allergoses, dysentery, and post-surgical wounds [19e21] . Numerous pharmaceutical companies (e.g., Eli Lilly, Abbot Laboratories, Intralytix) have become actively involved in efforts to produce commercial therapeutic phage. Eli Lilly, for example, developed a water-soluble jelly-based phage product (e.g., Staphylo-jel) for treating abscesses, purulent wounds, vaginitis, mastoiditis and respiratory infections. Temperate (long infection cycle) phages, which are unsuitable candidates for natural phage therapy because they do not lyse all of their host cells, have been studied as materials to display active ingredients for targeted therapeutic delivery.
Recently, phage engineering has been greatly expanded for biomedical applications, including tissue engineering and drug delivery [22e24] . Through genetic engineering, M13 phage possess a nanofibrous shape to display various signaling peptides [i.e., RGD (integrin-binding peptide), IKVAV (neural cell stimulating peptides), and DGEA (bone-cell stimulating peptides)] [25, 26] . The resulting phage could self-assemble nanofibrous network structures that are very similar to cellular microenvironments. The structures can influence cellular fate by controlling the biochemical and physical cues of the matrices. These phage and their matrices might be useful for developing topical therapeutic materials because the phage can deliver a large payload (>1.5 Â 10 13 epitopes per cm 2 ) of therapeutic molecules without compromising the integrity of the phage [27, 28] . The coat covering the M13 phage surface enables delivery of multiple therapeutic peptides and proteins. Here, we developed a newly engineered phage to express two functional peptides, RGD and Ct associated proteins, as a model system to test the efficacy of the phage constructs in preventing or ameliorating Ct infection. Ct is a gram-negative obligate intracellular pathogen that is the leading cause of bacterial sexually transmitted diseases (STD) with more than 92 million cases occurring globally each year [29] . There are currently no vaccines or microbicides to prevent Ct infection. RGD and Ct polymorphic membrane protein (Pmp) D peptides were chosen to be expressed on the pVIII major and pIII minor coat proteins, respectively, of M13 phage. RGD has been shown to be effective in inducing integrin mediated endocytosis, and recent proteomic profiling of Ct has suggested that PmpD might be a good candidate for interfering with Ct propagation [30] . PmpD is the most conserved protein among the Pmps for all Ct strains and Chlamydia species [31e34] and may play a role in cell entry [31e33]. It is both an auto transporter (AT) [35] and a speciescommon pan-neutralizing antigen [36] . We selected a conserved portion of the PmpD protein for expression in M13 phage.
We hypothesized that the resulting modified M13 phage would enhance cellular internalization, hone to the Ct inclusion in which the organism resides within the cytoplasm of the cell, and enable a significant reduction in Ct infection during the developmental cycle of the organism. Application of this system as a topical therapeutic would constitute a new strategy to prevent or reduce sexually transmitted infections. 
Materials and methods

HeLa 229 and primary endocervical (PEC) cell culture
Genetic engineering of M13 phage
To engineer M13 phage major (pVIII) and minor (pIII) coat proteins, an inverse PCR cloning method was adapted [38, 39] . M13-RGD 8 construction methods were used as described previously (Supplementary Table S1 -S2, for primer sequences) [23] using the M13KE phage vector (New England Biolabs, Ipswich, MA). For the M13-RGD 8 -PmpD 3 construct, a slightly altered approach was used. The pIII reverse primer was designed to include the EagI restriction site, the insert sequence, and a segment complimentary to the gIII 5 0 -3 0 strand. The pIII forward primer was designed to make the vector linear and was fully complimentary to the engineered gIII 3 0 -5 0 region, including an EagI restriction site. To incorporate the gene sequences, polymerase chain reaction (PCR) was performed using PhusionÔ High-Fidelity DNA Polymerase, the two primers, and an M13-RGD 8 vector. The obtained product was purified on an agarose gel, eluted with spin column purification, digested with EagI enzyme (New England Biolabs), and re-circularized overnight at 16 C with T4 DNA Ligase (New England Biolabs) [40] . The ligated DNA vector was then transformed into XL10-Gold Ò Ultracompetent bacteria cells (Stratagene, La Jolla, CA), and the amplified plasmid was verified by DNA sequencing at the University of California Berkeley DNA Sequencing Facility (Berkeley, CA). Viability of phage was tested using plaque forming units (pfu), and the stock pfu-titration of 10 14 pfu/mL was used.
Ct infection of HeLa and PEC cells with or without phage
Ct reference strain L 2 /434 was used in all studies. Inclusion forming units (IFU) were determined as follows. Serial two-fold dilutions of an L 2 /434 culture harvest after gradient purification were inoculated into duplicate 24 well plates (Costar). After incubation for 24 h at 37 C in 5% CO 2 , the wells were fixed with methanol and stained with pathfinder reagent (Bio-Rad Laboratories, Redmond, WA) according to the package insert. IFUs were enumerated directly under fluorescent microscopy at 40Â by counting 20 representative fields (RF) per well and averaged with the counts from the duplicate well. The titer was then calculated knowing the average IFU per RF, the area of the RF, the area of the well, the volume applied to the well and the dilution factor. The IFU/mL or multiplicity of infection (MOI) was calculated: {[(RF/ well) Â (IFU/RF) Â (well/0.2 mL) Â (dilution factor) ¼ IFU/mL] or IFU/mL/total number of cells ¼ MOI]} as we described [41] . An MOI of one was used to infect HeLa cells, as we described in detail [42] , and to infect PEC cells in 24 well plates with 12 mm glass coverslips (EMS, Hatfield, PA). Briefly, PEC cells grown to a confluence of 80% were infected with phage and/or Ct in PEC cell media at room temperature (RT) on an orbital shaker at 180rpm for 2 h. After infection, the supernatant was replaced with fresh PEC cell media (500 mL/well) containing 100 mg/mL cyclohexamide (Sigma) and incubated at 37 C in 5% CO 2 for time points post infection.
A competition assay was performed to determine the effect of M13-RGD 8 and M13-RGD 8 -PmpD 3 on Ct uptake by HeLa cells. There were three experimental groups consisting of Ct alone, and M13-RGD 8 or M13-RGD 8 -PmpD 3 
incubated with
Ct prior to infection. Phage were first diluted in 200 mL MEM media to arrive at the above concentrations of 10 11 pfu/mL prior to incubation with Ct strain L 2 at an MOI of one in 24 well plates for 1 h or 2 h at RT. The media was removed prior to infecting the HeLa cells with the phage/Ct complex or Ct alone. Infection was performed as above. Briefly, the plates were incubated for 3 h at RT on an orbital shaker prior to centrifugation at 2000 rpm for 30 min, and then incubated at 37 C in 5% CO2. After 36 h, the cells were fixed and the inclusions for each experiment were visualized under fluorescent microscopy as described above. The results were expressed as percent IFU (% IFU). Each experiment was performed in triplicate.
There were five experimental groups of infection (mock, Ct alone, M13 wild type, M13-RGD 8 or M13-RGD 8 -PmpD 3 alone, pre-treatment with phage and then Ct, and co-treatment of phage and Ct) that were performed in triplicate. Mock and Ct infections were performed as described above. For pre-treatment, phages were diluted in 200 mL cell media (with respective cell line) to arrive at the above concentrations and incubated with HeLa or PEC cells for 2 h at RT. The media was removed and the cells were infected with Ct for 2 h at RT in HeLa media for HeLa cells and PEC cell media for PEC cells. For co-treatment, cells were infected with phage and Ct at the same time for 2 h at RT. The media was removed and the plates were incubated at 37 C in 5% CO 2 . The plates were centrifuged at 2000 rpm for 30 min and incubated for time points post infection. M13 wild type, M13-RGD 8 or M13-RGD 8 -PmpD 3 infections were performed using concentrations of 10 6 , 10 9 , 10 11 or 10 12 pfu/mL; pfu was determined by the plaque assay as follows [43, 44] :
10 mL of each dilution of infected lysates were added to 90 mL of E. coli XL10-Gold in late log phase of growth followed by incubation for 10 min at RT, then mixed with 3 mL of Top-Agar and spread onto ITPG-Xgal-LB plates. Blue plaques were counted after overnight incubation at 37 C. The results of experiments with Ct and phage infections were expressed as IFU and pfu, respectively, and normalized against the controls of Ct infection alone and phage infection alone, respectively.
Fluorescent microscopy studies
Fluorescent detection of Ct was performed as previously described [37] . Briefly, glass coverslips were removed from each well and fixed with absolute methanol (À20 C) for 10 min and washed three times with Dulbecco's Phosphate-Buffered Saline (DPBS; Mediatech). For Ct inclusion detection, a Ct hsp60-specific MAb, (HSP 60; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:500 in DPBS, and a Cy-3 conjugated a secondary antibody (CyÔ3-conjugated IgG; Jackson Immuno Research Laboratories Inc, West Grove, PA), diluted 1:1000 were used. For phage detection, an M13 phage-specific MAb (Anti-fd Bacteriophage; Sigma) and a secondary Alexa Fluor 488-conjugated secondary antibody, both diluted 1:1000 in DPBS (Invitrogen, Eugene, OR), were used. The coverslips were incubated for 2 h with primary antibodies followed by three washes with DPBS before application of the secondary antibodies for 1 h at RT. Nuclear DNA was stained with 1 mg/mL of 4 0 , 6-Diamidin-2 0 -phenylindoldihydrochlorid (DAPI, Invitrogen, Eugene, OR). Images were acquired either by a Nikon Eclipse TE-200 fluorescence microscope or by a ZEISS LSM710 laser-scanning confocal microscope with Bitplane's Imaris Suite for image analysis and 3D reconstruction (Zeiss LSM Image Browser Software, version 3.2, Thornwood, NY) at the CHORI Microimaging facility. For determination of percent IFUs (% IFU), duplicate wells were counted as above to determine the total number of IFUs per total number of cells per well. For confocal imaging, the sections were scanned under oil-immersion at 63Â. The z-stack images were reconstructed into z-projections using the projection algorithms in the Zeiss LSM Software. Each experiment was performed in triplicate.
Cell viability and proliferation with phage exposure tested by WST-1 (water soluble tetrazolium salts) assay
The WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) assay (Cell Proliferation Reagent WST-1; Roche Applied Science, Basel, Switzerland) was performed as per the manufacturer's instructions. This cell proliferation assay is based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases. 10 mL of reagent was mixed with 0.1 mL of growth medium and added to HeLa cells incubated with and with out phage in 96 well plates. The difference between the absorbance at 450 and 690 nm of the medium was read on an ELISA reader (Safire, Tecan Group Ltd., Mannedorf, Switzerland). Each experiment was performed in triplicate. HeLa or PEC cells at a confluence of 80% in 24 well plates with coverslips were infected as described above. After 36 h, the inclusions for each experiment were visualized under fluorescent microscopy as described above. The results were expressed as % IFU. Each experiment was performed in triplicate.
Statistical analysis
Results are presented as mean AE SD. Differences between the groups were analyzed by the Student t test or ANOVA when appropriate. Significance was defined as a value of p < 0.05.
Results
Genetic engineering of M13 phage engineering
We constructed a phage to express both a eukaryotic cell adhesion motif and a Ct peptide. Using recombinant DNA techniques, we genetically engineered M13 phage to display the desired fusion proteins or peptides on their coat surface protein. The phage were engineered with the RGD-integrin binding peptide on pVIII (termed M13-RGD 8 ) to facilitate internalization into eukaryotic cells through integrin mediated endocytosis [45] . For the therapeutic purpose, the Ct specific peptide PmpD was engineered on pIII of M13-RGD 8 (termed M13-RGD 8 -PmpD 3 ) to interrupt Ct infection and replication. Supplementary Fig. 1 shows confirmation of the DNA sequences and locations for both RGD and the PmpD peptide. The resulting phage displayed a high density of RGDsignaling peptides (w1.5 Â 10 13 epitopes/cm 2 ) on the major coat proteins and five copies of the PmpD peptides on the pIII minor coat proteins, respectively (Fig. 1) . We used engineered phage with only RGD on pVIII (M13-RGD 8 ) or wild type (without PmpD) as controls.
Enhanced uptake of M13-RGD 8 by HeLa 229 cells
RGD-mediated phage internalization by various cells has been well reported [46e48] . The effect of HeLa 229 cell uptake of wild type (WT) vs M13-RGD 8 phage was compared in three independent experiments. The phage were quantified using a plaque forming assay and immunofluorescent microscopy was used to compare both qualitative and quantitative cellular uptake. M13-RGD 8 modification resulted in a significant increased uptake by HeLa cells compared to WT (Fig. 2A, w76 .4% at 24 h; p < 0.0001; Fig. 2B ), and was greater than M13-RGD 8 modification on pIII alone (not shown), likely because pVIII has 2700 copies, which is 99% of its protein coat surface [23,49e51] . Titers of internalized phage showed that the recovered M13-RGD 8 was viable and able to infect the bacterial host cells (E. Coli) up to day 2 and then decreased significantly after that time ( Fig. 2A) .
When we treated cells with different concentrations of M13-RGD 8 (10 6 , 10 9 , 10 12 pfu/mL) to determine the saturation uptake effect at different time intervals, there was increasing internalization at higher pfu/mL values with an uptake saturation of 10 12 pfu/ mL phage at 24 h, suggesting that internalization occurs in a dosedependent manner via integrin-mediated endocytosis of the RGDengineered phage ( Supplementary Fig. 2 ).
Effect of M13-RGD 8 phage uptake on Ct infection in HeLa cells
To determine whether M13-RGD 8 can be internalized into Ct infected HeLa cells and interfere with the growth and development of the organism, we pre-treated HeLa cells with M13-RGD 8 (10 9 pfu/ mL) for 2 h prior to infecting the cells with Ct strain L 2 at a MOI of one or co-infected the cells with M13-RGD 8 and Ct at the same concentrations. Both experimental methods resulted in HeLa cell uptake of M13-RGD 8 as shown at 36 h post infection ( Fig. 3C and D) ; the controls of HeLa cells infected with Ct alone or M13-RGD 8 alone are shown in Fig. 3A and B, respectively, for the same time point. Quantification of viable M13-RGD 8 by the plaque assay after uptake by HeLa cells showed a dramatically higher uptake (pfu/mL) for the co-treatment method compared to M13-RGD 8 alone without Ct infection (Fig. 3E , p ¼ 0.0821), although the results were not statistically significant. Ct infection was quantitated by IFU. There was no significant difference for the pre-treatment method (Fig. 3E , p ¼ 0.3907). The data represent three independent experiments. There were no differences in morphology or size of the inclusions between the pre-treatment or co-treatment groups. In addition, M13-RGD 8 was observed to surround the Ct inclusion but not traffic into the inclusion ( Fig. 3C and D; inset 3D ).
Reduction of Ct infection in HeLa and PEC cells by M13-RGD 8 -PmpD 3
Because PmpD is an AT and pan-neutralizing antigen likely involved in cell entry, we hypothesized that PmpD might interact with the host-pathogen network and possibly block the growth and development of Ct. To test the first part of this hypothesis, we determined whether M13-RGD 8 -PmpD 3 could inhibit Ct entry into HeLa cells using a competition assay. Supplementary Fig. 3 shows that there was no significant evidence for this either at 1 h or 2 h of incubation prior to infection.
Next, we pre-treated or co-infected HeLa cells as well as PEC cells with M13-RGD 8 -PmpD 3 using the same conditions as above; Ct and M13-RGD 8 -PmpD 3 infections alone were used as controls. PEC cells were selected because they represent cells that have not been laboratory adapted and are physiologically similar to the in vivo endocervical environment, providing an opportunity to preclinically validate our findings. There was a significant decrease in Ct infection in both pre-treated and co-infected HeLa cells compared with Ct alone (Fig. 4A) . The effect of M13-RGD 8 -PmpD 3 on Ct infection was even more dramatic in PEC cells for pre- treatment and co-infection (Fig. 4B) . Fig. 4C shows significant quantitative inhibition of Ct infection by M13-RGD 8 -PmpD 3 in HeLa (black; *p < 0.001) and PEC (red hatched; **p < 0.0001) cells compared with Ct alone as measured by IFUs for the co-treatment experiments. A significant effect was also present for the pretreatment experiments but to a lesser extent. All of the data represent three independent experiments.
The localization of M13-RGD 8 -PmpD 3 in Ct infected PEC cells during the developmental cycle of Ct was also analyzed. As shown in Fig. 5A , M13-RGD 8 -PmpD 3 accumulated in the cells around the nucleus and inclusion, and appeared to translocate into the inclusion lumen by 24e30 h with subsequent bursting of the inclusion by 36 h. In addition, at 36 h post co-infection, few PEC cells were observed to be infected. There was also a difference in the size of the inclusions for M13-RGD 8 -PmpD 3 in both pre-and cotreated experiments compared with Ct infection alone (Fig. 5A vs  Fig. 5B) . Invasion of the Ct inclusion in PEC cells by M13-RGD 8 -PmpD 3 , but not by M13-RGD 8 alone, was confirmed by laser scanning microscopy with orthogonal and Z-stack (x-z and y-z plane) imaging using a Zeiss LSM 710 confocal microscope ( Fig. 5C ; red, inclusion; green, M13-RGD 8 -PmpD 3 ). The vertical and horizontal grey lines in Fig. 5D show the specific localization of M13-RGD 8 - PmpD 3 within an inclusion, which was not observed for M13-RGD 8 (Fig. 5E ). Experiments using M13-RGD 8 -PmpD 3 at a concentration of 10 9 pfu/mL showed similar results (not shown).
An in vitro cell viability and proliferation assay demonstrated that HeLa cells exposed to M13-RGD 8 or M13-RGD 8 -PmpD 3 at a concentration of 10 11 PFU/mL for various time points had no cytotoxicity compared with untreated cells (Supplementary Fig. 4 ). HeLa cells exhibited the same proliferation (*p < 0.01, two-factor ANOVA) in the presence of M13-RGD 8 or M13-RGD 8 -PmpD 3 as for untreated cells. There were similar population numbers (**p < 0.01) regardless of phage addition to the media. This is an important observation because it suggests that M13-RGD 8 might not be cytopathic in in vivo studies.
No effect on Ct infection in HeLa cells with co-incubation of a polyclonal antibody produced against PmpD with M13-RGD 8 -PmpD 3
We produced a Poly-Ab against PmpD to determine whether it would have a functional effect on Ct infection in HeLa cells with or without M13-RGD 8 -PmpD 3 . The Poly-Ab alone was able to significantly inhibit Ct infection by 26.6% ( Fig. 6 ; *, p ¼ 0.008) compared with Ct infection alone. When the Poly-Ab was pre-incubated with M13-RGD 8 -PmpD 3 followed by purification of the complex and coinfected with Ct, there was no significant effect on Ct infection compared with M13-RGD 8 -PmpD 3 without the Poly-Ab. (Fig. 6 ; **, p ¼ 0.024).
Discussion
M13 bacteriophage have many features that enable their use as biomedical materials for different therapeutic applications. These include: 1) Safety and lack of toxicity in human cells. Phage are easily removed by the body with few known side-effects [52, 53] ; 2) Ability to be readily modified to display functional peptide motifs on their minor (pIII, pVI, pVIII and pIX) and major (pVIII) coat proteins. Large quantities of identical phage building blocks can be easily produced by amplification in bacterial host cells; and 3) Ability to form a nanofibrous shape and self-assemble into a nanofibrous matrix that has been used as a vector-mediated therapeutic delivery material for selected tissues [28] . In our previous studies, we used engineered M13 phage in various platforms (e.g., cell assays, cell regeneration and cell fate development) and were able to successfully deliver specific functional peptides into cells and/or matrices [26, 50, 54, 55] . However, functional studies of M13 incorporated peptides (other than ECM derived peptides) and their use in a variety of biomedical applications have not been well studied. Here, we explored the use of genetically engineered M13 phage as an anti-microbial therapeutic. We believe that our platform of engineered M13 phage (M13-RGD 8 -PmpD 3 ) could be used as a therapeutic agent at mucosal sites for preventing Ct transmission as well as interrupting a new or existing infection. An advantage is that M13 phage that display fusion peptides at the N-terminus of pIII do not interfere with the folding of the globular domains of pIII in contrast to pVIII that can tolerate only short peptides at its N-terminus [25, 56] . We showed that by expressing RGD on pVIII, cellular uptake of M13-RGD 8 was dramatically enhanced compared with wild type M13 (Fig. 2) . Moreover, the addition of PmpD on pIII had no untoward effect on M13-RGD 8 -PmpD 3 uptake (Fig. 4) .
The export of Ct proteins from within the inclusion to the cytosol to interact with host proteins and initiate various signaling processes are necessary for inhibition of cell death to enable the organism to complete its developmental cycle [57, 58] . Through as yet unknown mechanisms, the inclusions traffic to intracellular organelles to sequester host nutrients and lipids for chlamydial replication [59, 60] . Recent studies have shown that the nine member family of Pmps are structurally similar to the AT proteins that have been described for other bacteria [61] . Pmps have also been shown to be involved in cellular and humoral protective immunity against Ct infection [62] . Nunes et al. [42] examined the transcription of Ct Pmp genes and found that gene expression occurred as early as 2 h and continued throughout the developmental cycle. In other studies, PmpD was shown to initially localize on the surface of the metabolically active reticulate bodies (RB) of Ct followed by its cleavage and secretion, suggesting a role for the PmpD protein in transformation from the RB to the infectious inert elementary bodies (EB) [31] . Swanson et al. [35] and Wehrl et al. [32] further showed that PmpD processing involves cleavage of PmpD with initial formation of a passenger domain (PD) followed by cleavage of the PD into two smaller fragments. They demonstrated that PmpD translocates to the surface of bacteria where it non-covalently binds other components of the outer membrane that may function in bacterial invasion and host inflammation. In the present study, we found no significant Fig. 3 ). This suggests that there may be multiple mechanisms for uptake of Ct by the cells and that the phage, if they play any role in this process, do not likely share a common entry pathway or receptor with Ct and do not appreciably affect infection of the cell.
The Ct inclusion represents the primary barrier between the host and the multiplying organism. The inclusion forms early after the EB penetrates the cell and is comprised of both host and Ct proteins [63] . Acquisition of nutrients and other molecules required for Ct growth occur through the inclusion [64] , although the mechanisms for this exchange remain largely unknown. In this study, we evaluated the effects of the phage constructs on the inclusion and Ct infection. Phage were able to enter the host cells and appeared to fill the cytosol; there was no appreciable difference in appearance between M13-RGD 8 and M13-RGD 8 -PmpD 3 in terms of distribution within the cytosol. The maximum uptake of the phage was at 24 h, which was dose dependent. We determined by confocal microscopy that M13-RGD 8 -PmpD 3 was translocated from the host cytoplasm into the inclusion lumen and disrupted the inclusion (Fig. 5A, C and D) earlier in the developmental cycle compared with Ct infection alone (Fig. 5B) . Importantly, M13-RGD 8 was not able to penetrate the inclusion (Fig. 5E ). These data suggested that distribution patterns vary between different types of engineered phage and that the nature of the displayed foreign protein may dictate docking at the surface and penetration of the inclusion to intimately associate with the replicating RBs.
We also showed that there was a significant reduction in infection in both HeLa and PEC cells when M13-RGD 8 -PmpD 3 was used to pre-treat the cells prior to Ct infection or to co-treat the cells with Ct (Fig. 4A, B and C) . In PEC cells, there was also a noted decrease in the size of the inclusions before disruption compared with Ct infection alone (Fig. 5A vs B) . The marked reduction of both inclusion number and size in both pre-and co-treatment experiments suggests that M13-RGD 8 -PmpD 3 may block the acquisition of nutrients from the host cell since this effect was not observed for M13-RGD 8 (Fig. 3) . However, it is not clear exactly at which stage in development there is an effect or what the mechanism may be.
Intracellular protein-specific peptide interactions have been considered for possible 'protein knockout' that can ultimately cause inhibition of intracellular organisms if the target protein or peptide is essential [65] . To address the specificity of M13-RGD 8 -PmpD 3 in this process, phage were complexed with a rabbit poly-Ab against PmpD prior to infection of HeLa cells with Ct. We found that the M13-RGD 8 -PmpD 3 polyclonal complex had a minimal effect on decreasing Ct infection, which was significantly different from M13-RGD 8 -PmpD 3 alone ( Fig. 6 ; p ¼ 0.024). In contrast, the polyclonal alone significantly decreased infection ( Fig. 5F ; p ¼ 0.008), which is consistent with the neutralizing effects of PmpD antibodies in other in vitro studies [36] . Our findings indicate that M13-RGD 8 -PmpD 3 , specifically the foreign peptide PmpD, plays a direct role in interrupting intracellular Ct infection. The challenge now will be to deliver sufficient active peptides, perhaps with alternate genetic engineering to display an increased number of the protein moieties on multiple surface coat proteins such as pIII, pVIII, and pIX without altering protein folding, to reach 100% inhibition of infection. That said, the fact that over 50% of the infection could be controlled with our current M13-RGD 8 -PmpD 3 construct (Fig. 5D) , especially in PEC cells that represent a more physiologically relevant experimental model compared with established cell lines for the in vivo endocervical environment, suggests that this approach will likely be successful in preventing Ct transmission and ablating existing infection at mucosal sites of infection.
Conclusions
We genetically engineered M13 phage to stably express the integrin binding protein RGD and the Ct peptide PmpD. This construct, M13-RGD 8 -PmpD 3 , was able to ameliorate Ct infection in both HeLa cells, an established cell line, and PEC cells that have not been laboratory adapted and are physiologically similar to the in vivo endocervical environment. The effect in PEC cells was greater than in HeLa cells. M13-RGD 8 -PmpD 3 was observed to traffic into the lumen of the inclusion unlike the phage construct M13-RGD 8 , suggesting that this specific construct may be able to hone to the inclusion. In addition, PEC cells treated with M13-RGD 8 -PmpD 3 showed a marked diminution in inclusion size and early disruption of the inclusion compared with Ct infection alone, indicating a possible role in blocking nutrient accessibility to the inclusion. While the competition assay using M13-RGD 8 -PmpD 3 pre-incubated with Ct did not show any effect on Ct entry into the cells, the polyclonal antibodies raised against PmpD prevented the effects of M13-RGD 8 -PmpD 3 on decreasing infection in HeLa cells. Thus, it appears that PmpD plays a direct role in ameliorating Ct infection. The precise mechanisms involved will require further study. We present a therapeutic approach to vector delivery that could be expanded for use in a microbicide formulation. Moreover, our approach obviates the need for antibiotics that may induce resistance over time. Carefully engineered M13 phage will likely be successful in not just preventing Ct transmission and ablating infection at mucosal sites but provide a model for controlling other sexually transmitted pathogens. 
